Hepatocyte gap junctions are permeable to the second messenger, inositol 1,4,5-trisphosphate, and to calcium ions ABSTRACT Hepatocytes are well coupled by gap junctions, which allow the diffusion of small molecules between cells. Although gap junctions in many tissues are permeable to molecules larger than cAMP and in several preparations gap junctions pass cAMP itself, little direct evidence supports permeation by other second-messenger species. Ca2 , perhaps the smallest second messenger, would be expected to cross gap junctions, but the issue is complicated because gap-junction
Gapjunctions are permeable to small ions and molecules that are major cytoplasmic constituents, including nucleotides (1), sugars (2), glycolytic substrates (3), amino acids (4), small peptides (5) , and cAMP (6) (7) (8) (9) . Gap junctions are also permeable to small fluorescent molecules (10, 11) and quaternary ammonium ions of a range of sizes (12) . Junctional permeability to some of these molecules has been quantified (12) (13) (14) (15) (16) (17) .
Diffusion of molecules through gap junctions is driven by the electrochemical gradient across them. Permeant molecules may have a variety of signaling functions and may affect junctional permeability either through effects on gating (18) (19) (20) (21) , apparently mediated by phosphorylation of the channel protein (19) , or through alteration of gene expression (22) (23) (24) (25) (26) (27) (28) (29) (30) . However, the concentration of Ca2+ required to block gap junctions appears to be well above 1 ,uM (31), far higher than normal resting [Ca2+]i. From the size limit determined from permeability studies, Ca2+ at lower concentrations would be expected to permeate gapjunctions. Indeed, another divalent cation, Co2+, permeates gap junctions of the crayfish septate axon when injected at low concentrations but blocks permeation and electrical coupling at high (but unmeasured) concentrations (32) .
Intercellular diffusion of Ca2+ or a Ca2+-releasing second messenger has been demonstrated in the activation of photophores by electrically excitable supporting cells in the hydroid Obelia (33) . Transjunctional Ca2+ fluxes could be the basis for propagated changes in smooth muscle tone in blood vessels (34) and could lead to increased secretion by coupled endocrine cells (35 Analysis of Intracellular Free Calcium Concentration. For most experiments the fluorescent calcium indicator, fura-2, was loaded into hepatocytes by incubation in medium containing the membrane-permeable fura-2 tetrakis(acetoxymethyl) ester (fura-2 AM) (45) (46) (47) 49) . Plated cells were exposed for 20 min to a suspension of fura-2 AM that had been dissolved in dimethyl sulfoxide (DMSO) and mixed with Leibowitz's medium (GIBCO) at a nominal concentration of 5 uM fura-2 AM and 0.3% DMSO. Cells were rinsed before use with Krebs' saline or Ca2+-and PO4 3-free Krebs' saline containing 0.1 mM EGTA. In other experiments fura-2 in the ionic form (5 mM in the pipette) was injected iontophoretically into hepatocytes through a 20-50 MO glass pipette. Fura-2 concentration was monitored with 360-nm excitation, at which fura-2 fluorescence is largely [Ca2+]i-independent.
Intrinsic fluorescence of the cells measured at 360-nm excitation was <10% of that seen in cells after loading with the indicator.
Spatially resolved calcium measurements were made by acquiring two fluorescent images of the same microscope field with excitation at different wavelengths (340 and 380 nm) and detection through a 480-nm long-pass filter (47) (48) (49) (50) . After correcting for background fluorescence and camera dark current, a ratio image was calculated (340:380). Data acquisition for each ratio image required 0.9 sec. Ratio images were determined at either 2-sec or 5-sec intervals as noted in the text. Ratio images were converted to calcium concentration according to the following equation:
where Kd is the equilibrium dissociation constant offura-2 for Ca2+ (=220 nM at 30°C), the R terms are ratios of intensity of emission from 340-and 380-nm excitation (i.e., R = F340/ F380) recorded for the particular pixel, Rmax is the ratio for saturating levels of Ca2+, Rmn, is the ratio for no added calcium and 5 mM EGTA, and Fo/F, is the fluorescence ratio obtained at low and saturating Ca2+ levels with 380-nm excitation (13.5 in these studies, see ref. 45 ).
Injection of InsP3 or CaC12. InsP3 (2.5 mM in 150 mM lithium chloride or 150 mM potassium glutamate) was pressure-injected through glass pipettes. Injection of either saline alone had no effect (n = 1 for each). Ca2+ was injected by pressure or by iontophoresis using short depolarizing pulses through pipettes containing 1 Fig. 1 , the middle cell of a triplet seen by endogenous fluorescence at high sensitivity (Fig. LA) was rapidly injected with fura-2 and seen using 360-nm excitation. Immediately after injection, fluorescence of the injected cell was intense so that, at the reduced sensitivity used, the background autofluorescence in the adjacent cells was almost undetectable (Fig. 1B) . Three minutes later fura-2 had spread throughout the lower adjacent cell and was detectable in the upper cell (Fig. 1C) . The level of fluorescence was greater in the nuclei than in the cytoplasm. Additional dye spread had occurred after 6 min (Fig.  1D) . Similar (Fig. 2) . The left-hand cell of the fura-2 AM-loaded triplet shown in (ratio image) was pressure-injected with InsP3, leading to a rapid (<2-sec latency) increase in [Ca2+Ji from 120 nM to 180 nM in a discrete region ofthe injected cell (Fig. 2C, (Fig. 2D , red region in this cell). After another 5 sec [Ca2+Ji had increased further in the far cell and decreased in the middle cell (Fig. 2E). [Ca2+]i then declined in both far and middle cells to below the initial levels ( Fig. 2 F-H) .
After [Ca2+J, in the injected cell reached its maximum value (Fig. 2E) , it decreased toward the initial concentration but remained somewhat elevated (Fig. 2 F-H Fig. 3 A and B) . In three cases the [Ca2+]i levels in the adjacent cell approached those in the injected cell (Fig. 3B) . In one case a wave of elevated [Ca2], was seen moving from the injected cell to the adjacent cell. In a fifth case no Ca2' movement was observed, and the cells presumably were uncoupled. In the experiment illustrated in Fig. 3 Spread of elevated [Ca2+]i between cells after CaCl2 injection was completely prevented by the addition of500 ,uM 1-octanol (n = 3, data not shown), a concentration that completely blocks the junctional conductance between pairs of hepatocytes (unpublished observation). Although reversibility was not studied in a single pair, in two cases spread of Ca2+ from an injected to an adjacent cell was seen after washing out an uncoupling concentration of octanol.
When CaCl2 was injected into cells maintained in Ca2'-free Krebs' saline, intercellular diffusion of Ca2' was also seen (n = 3; Fig. 3 F-J) . The Fig. 3 A and F) .
Injection of CaCl2 increased [Ca2+]i throughout the cytoplasm of the injected cell (top cell, Fig. 3 G-J (27) (28) (29) (30) In liver, electrical coupling occurs over a distance of at least 500 ,um (56) , which is comparable to the length of the hemiacinus (r20 cells in series, each with a diameter of [20] [21] [22] [23] [24] [25] AM). Thus the distance InsP3 and Ca2' can diffuse when their concentrations are raised locally by hormone action is likely to be limited primarily by intracellular buffering and might extend along a significant portion of the hemiacinus.
In hepatocytes, hormonal activation of the signaltransduction system that leads to degradation of phosphatidylinositol 4,5-bisphosphate causes release of diacylglycerol and InsP3 (36) (37) (38) . Diacylglycerol activates protein kinase C, which phosphorylates the main gap junctional protein at the same site phosphorylated by cAMP-dependent protein kinase (57, 58) , presumably leading to similar increases in junctional conductance. InsP3 induces mobilization of intracellular Ca2l stores into the cytoplasm (36, 39, 40) , and elevation of [Ca2+]i causes translocation of protein kinase C to the plasma membrane (59) . Thus agonist-induced activation of protein kinase C and Ca2+ mobilization act synergistically (59) . Activation of protein kinase C and mobilization of intracellular Ca2+ are both required for a full hormonal response in hepatocytes (60) . One final effect of activation of this transduction system is glycogenolysis (42) .
Because gapjunctions between hepatocytes are permeable to InsP3 and Ca2+, the gap junctions would permit an averaging of the concentration of these second messengers among coupled cells. At the least this property would tend to equalize hormonal response in spite ofdifferences ofreceptor density or metabolic competence. Interestingly, although glycogen stores are equal throughout the hemiacinus of well-fed animals (61), the hemiacinus is a heterogeneous cellular system, where zone 1 (surrounding the terminal portal vein) is more active in glycogenolysis and zone 3 (surrounding hepatic venules) is more active in glycolysis (62) , and each zone presumably expresses more receptors for the hormones that activate their respective metabolic processes. At low levels of hormonal input the zones could act independently, but at high levels of stimulation either zone could be recruited by intercellular diffusion of second messengers to the process normally predominating in the other zone. 
